INTRODUCTION {#SEC1}
============

Chromatin is organized into biochemically and functionally distinct domains, which are marked by enrichment in combinations of canonical histones and histone variants. Substitution of one or more of the canonical histones with corresponding histone variant(s) by specific chaperones exerts considerable influence on the structure and function of chromatin, including the regulation of transcription and epigenetic memory ([@B1],[@B2]). In eukaryotes, the histone variant H3.3 is distinct from canonical H3.1 and H3.2 in that H3.3 is expressed at all stages of the cell cycle and can be incorporated into chromatin independently of DNA replication. In contrast, H3.1 and H3.2 are expressed only during S phase and incorporated into chromatin by the chaperone CAF1 only during DNA replication. H3.3 is loaded mainly at actively transcribed sites by H3.3-specific chaperone HIRA ([@B3]). At these sites, H3.3 is associated with marks linked to active chromatin such as H3 lysine 4 trimethylation ([@B4],[@B5]) and H3.3 deposition at these sites is required to maintain the epigenetic memory of an active state in the absence of transcription ([@B6]) and promote an open chromatin conformation for the binding of transcription factors and co-factors to activate transcription ([@B7]).

Besides being a mark of active genes, H3.3 is loaded by the ATRX/DAXX chaperone complex to heterochromatic regions, which includes telomeres and pericentric heterochromatin ([@B8]--[@B15]). The importance of H3.3 and ATRX in chromatin repression is implied by recent studies showing a strong linkage between ATRX mutations and the Alternative Lengthening of Telomeres phenotype (ALT; ATRX is mutated ∼90% of ALT cancers) in telomerase-negative human cancers, which maintain telomere length via homologous recombination-mediated telomere extension ([@B16]--[@B25]). It is unclear how ATRX mutations drive telomere dysfunction and cancer development. A recent study shows that ATRX binds genomic sites that are prone to form a four-stranded secondary structure known as G-quadruplex (G4) DNA, and which include the G-rich telomeric DNA ([@B14]). A proposed model is that the formation of G4 DNA may perturb replication and ATRX-mediated loading of H3.3 is required to re-chromatinize the 'late-replicated telomeric DNA' ([@B26],[@B27]). The absence of ATRX such as in ALT cancers may account for the failure to re-chromatinize telomeric DNA, resulting in persistent replication stalling and in turn leading to DNA damage, ALT and genome instability ([@B23]). Many important questions remain unanswered from these postulations: for example, it is still unclear whether ATRX is recruited by G4 DNA at the telomeres although ATRX binding sites including the telomeres tend to form G4 structures. Another possible model is that ATRX may be recruited to load H3.3 as a response to nucleosomal loss caused by stalled replication or other similarly disruptive activities including transcription. This agrees with a recent study in *Drosophila* reporting that ATRX homolog *Xnp* directs H3.3 loading at nucleosome-depleted gaps formed at actively transcribed sites ([@B28]).

In this study, we define the role of H3.3 in facilitating the assembly of a normal heterochromatic state, which is critical for telomeric function ([@B10]--[@B12],[@B15]). We show that H3.3 supply and loading are essential in order to provide the heterochromatic K9 trimethylation mark required to maintain chromatin repression at telomeres. In *H3f3a* and *H3f3b* null mouse embryonic stem cells (ESCs), H3.3 deficiency results in reduced levels of H3K9me3 level, H4K20me3 and ATRX at the telomeres, accompanied with an increase in telomeric transcription. After induction of replication stress or nucleosome disruption, these cells also suffer greater levels of DNA damage and t-SCE at telomeres. This compromised heterochromatic state at the telomere can be alleviated by an expression of a wild-type (WT) H3.3 but not a H3.3K9A mutant protein. We also demonstrate a stepwise mechanism whereby the histone methyltransferases (HMTases) including SETDB1 (ESET/KMT1E), SUV39H1 and SUV39H2 (KMT1A and KMT1B) promote the formation of the H3.3K9me3 mark at telomeres. Our results show the importance of H3.3 supply in promoting the assembly of a heterochromatic state critical for telomere function. We demonstrate that H3.3 at the telomeres is utilized as a heterochromatic mark, via trimethylation of its K9 residue. Our study provides insights into the role of H3.3 in controlling epigenetic inheritance at a constitutive heterochromatic domain.

MATERIALS AND METHODS {#SEC2}
=====================

Cell culture {#SEC2-1}
------------

Mouse ESCs were cultured in Dulbecco\'s modified Eagle\'s medium supplemented with 15% heat-inactivated foetal calf serum, 10^3^ units/ml leukemia inhibitory factor and 0.1 mM β-mercaptoethanol. *H3f3a^−/−^* and *H3f3b^−/−^* ESCs were generated in two rounds of targeting as described earlier ([@B29],[@B30]). The Neomycin resistance gene cassette was removed by overexpression of Cre recombinase.

Antibodies {#SEC2-2}
----------

Antibodies used were directed against H3 (Abcam ab1791), H4 (Merck Millipore), H3.3 (Merck Millipore 09838), H3K9me1 (Abcam ab9045), H3K9me3 (Abcam ab8898), H4K20me3 (Abcam ab9053), ATRX (Santa Cruz Biotechnologies sc15408), DAXX (Santa Cruz Biotechnologies M112), SETDB1 (Cell Signaling), phosphorylated CHK2T68 (Cell Signaling), Tubulin (Roche), *myc* tag (Merck Millipore) and γH2A.X/phospho-histone H2A.X (Ser139) (Merck Millipore JBW301 and Biolegend 2F3).

Immunofluorescence analysis {#SEC2-3}
---------------------------

Cells were treated with microtubule-depolymerizing agent Colcemid for 1 h at 37°C, harvested for hypotonic treatment in 0.075 M KCl, cytospun on slides and incubated in KCM buffer (a KCl based buffer for cytospun metaphase chromosome spreads; 120 mM KCl, 20 mM NaCl, 10 mM Tris.HCl at pH 7.2, 0.5 mM ethylenediaminetetraacetic acid (EDTA), 0.1% \[v/v\] Triton X-100 and protease inhibitor) ([@B31]). Slides were blocked in KCM buffer containing 1% BSA and incubated with the relevant primary and secondary antibodies for 1 h at 37°C. After each round of antibody incubation, slides were washed three times in KCM buffer. Slides were then fixed in KCM with 4% formaldehyde and mounted in mounting medium (Vetashield). Images were collected using a fluorescence microscope linked to a CCD camera system.

Telomere CO-FISH (Co-fluorescence *in situ* hybridization) {#SEC2-4}
----------------------------------------------------------

Cells were incubated for 16--20 h in fresh medium containing BrdU (10 μg/ml). An hour before harvesting, Colcemid was added to the media to accumulate mitotic cells. Cells were harvested and resuspended in 0.075 M KCl (pre-warmed to 37°C). Ice-cold methanol-acetic acid (3:1 ratio) was added to cell suspension. The cell suspension was spun (5 min at 1000 rpm) and washed twice in methanol-acetic acid. Cells were dropped onto slides and allowed to dry overnight. Slides were rehydrated in 1× phosphate buffered saline (PBS) for 5 min at room temperature, incubated with 0.5 μg/ml RNaseA (in PBS, DNase free) for 10 min at 37°C and stained with 0.5 μg/ml Hoechst 33258 in 2× saline sodium citrate solution (SSC) for 15 min at room temperature. Subsequently, slides were placed in a shallow plastic tray, covered with 2× SSC and exposed to 365 nm ultraviolet light at room temperature for 45 min. The BrdU-substituted DNA strands were digested with at least 10 U/μl of Exonuclease III at room temperature for 30 min. Slides were washed in 1× in PBS, dehydrated in ethanol series 70, 95, 100% and air dried. FISH was performed by hybridization with Cy3/Cy5-conjugated telomere peptide nucleic acid (PNA) probe in 10 mM NaHPO4 pH 7.4, 10 mM NaCl, 20 mM Tris, pH 7.5 and 50% formamide. The slides were not subjected to DNA denaturation.

Chromatin immunoprecipitation (ChIP) and re-ChIP {#SEC2-5}
------------------------------------------------

Cells were harvested and crosslinked with 1% paraformaldehyde for 10 min at room temperature. For ATRX ChIP, cells were cross-linked first with 2 mM EGS (Pierce 26103) for 45 min then subsequently with 1% paraformaldehyde for 15 min. Excess formaldehyde was quenched with glycine at a final concentration of 0.25 M. Cell were washed with PBS, pelleted and lysed in cold cell lysis buffer (10 mM Tris pH 8, 10 mM NaCl, 0.2% NP40 and protease inhibitors). Nuclei were centrifugated and resuspended in 50 mM Tris pH 8, 10 mM EDTA and 1% sodium dodecyl sulphate (SDS), and sonicated with a Bioruptor (Diagenode) to obtain chromatin fragments of 500 bp or less. Resulted chromatin was diluted in dilution buffer (20 mM Tris pH 8, 2 mM EDTA, 150 mM NaCl, 1% Triton X-100 and 0.01% SDS and protease inhibitors) and pre-cleared with Protein A sepharose beads at 4°C. Pre-cleared chromatin was immunoprecipitated with antibody-bound beads at 4°C overnight. For each ChIP reaction, 2--5 μg of antibody and 20 μl of Protein A Sepharose beads (50% slurry) were used. The immunoprecipitated material was washed and eluted in 100 mM NaHCO~3~ and 1% SDS. The eluted material was treated with RNaseA and Proteinase K and reverse-crosslinked at 65°C overnight. DNA was phenol/chloroform extracted and precipitated using tRNA and glycogen as carriers. Purified ChIP DNA was used as template for qPCR using the primers corresponding to telomeric repeats and *Gapdh*. For re-ChIP, the immunoprecipitated chromatin complexes from first ChIP were eluted twice from the Protein A Sepharose, each with 100 μl 10 mM DTT at 37°C for 30 min. The eluted product was then diluted 20-fold with the sonication buffer (20 mM Tris pH 8.0, 2 mM EDTA, 150 mM NaCl, 0.1% SDS, 1% Triton X-100 and protease inhibitors) and preceded with second IP. DNA primers for ChIP include:

Telomere primers: 5′-GGTTTTTGAGGGTGAGGGTGAGGGTGAGGGTGAGGGT-3′ and

5′-TCCCGACTATCCCTATCCCTATCCCTATCCCTATCCCTA-3′ and

GAPDH primers: 5′-AGAGAGGGAGGAGGGGAAATG-3′ and 5′-AACAGGGAGGAGCAGAGAGCAC-3′.

Northern blot analysis {#SEC2-6}
----------------------

Total RNA was isolated using RNeasy as described above and run on 1% agarose gel with formalydehyde. Following gel electrophoresis, RNA was transferred onto Hybond N+ nitrocellulose membrane. The membrane was baked and subjected to hybridization analysis with either α-32p-labeled (TTAGGG)~4~ telomere probe. Signal intensities were analyzed with Typhoon PhosphoImager System and ImageQuant software.

RESULTS {#SEC3}
=======

H3.3 deficiency reduces H3K9me3 levels and causes loss of chromatin repression at telomeres {#SEC3-1}
-------------------------------------------------------------------------------------------

While H3.3 lysine (K)4 methylation is important for maintaining transcriptional memory ([@B1]), how H3.3 facilitates heterochromatin assembly at telomeres is unclear ([@B32]). To address this question, we generated *H3f3a* or *H3f3b* null mouse ESCs ([@B29]). These cells in particular *H3f3b*^−/−^ cells show a significant reduction in H3.3 protein levels relative to WT cells (Figure [1A](#F1){ref-type="fig"}), suggesting that *H3f3b* encodes for a larger proportion of H3.3 protein expression. The reduced endogenous H3.3 expression, particularly in *H3f3b*^−/−^ ESCs provides an ideal model to examine the role of H3.3 in heterochromatin assembly at telomeres. Chromatin immunoprecipitation (ChIP)-qPCR of telomere repeats (Figure [1B](#F1){ref-type="fig"} and Supplementary Figure S1A) was performed and validated by dot blot analysis (Supplementary Figure S1B--D). In WT ESCs, the positive control Histone H3 ChIP-qPCR shows a high level of enrichment of H3 at telomeres (Supplementary Figure S1A). These cells also show a strong enrichment of H3.3, ATRX and two heterochromatin marks, H3K9me3 and H4K20me3, at telomeres (Figure [1B](#F1){ref-type="fig"} and Supplementary Figure S1A). As expected, H3.3, but not ATRX, H3K9me3 and H4K20me3, is also enriched at the transcriptionally active *Gapdh* locus (Supplementary Figure S1A). However, it is remarkable that ChIP-qPCR in *H3f3a*^−/−^ and *H3f3b*^−/−^ ESCs shows not only a significant reduction in H3.3 enrichment at telomeres, but also in the levels of ATRX and of two important hallmarks of heterochromatin, namely H3K9me3 and H4K20me3 (Figure [1B](#F1){ref-type="fig"}). Dot blot analysis (Supplementary Figure S1B--D) confirms a similar reduced pattern of H3.3, ATRX, H3K9me3 and H4K20me3 at telomeres in *H3f3a*^−/−^ and *H3f3b*^−/−^ ESCs. The loss of H3K9me3 at telomeres in H3.3 deficient cells suggests that H3.3 provides as an important substrate for H3K9 trimethylation at telomeres, and that the reduced levels of ATRX binding and telomeric heterochromatin marks (*i.e*. H4K20me3) may be a result of the loss of H3.3K9me3 mark. Consistent with this idea, we show co-enrichment of H3K9me3 and H3.3 at telomeres in a sequential ChIP-qPCR assay in WT cells. In this assay, H3K9me3-enriched chromatin was first ChIPed, eluted, then subjected to a second round of ChIP using an antibody to H3.3 (Figure [1C](#F1){ref-type="fig"}). In addition, we show in *H3f3b^−/−^* ESCs that low levels of H3.3 lead to increased levels of the telomeric Terra transcripts ([@B33],[@B34]) (Figure [1D](#F1){ref-type="fig"}) which reflects a compromised heterochromatin state at the telomeres, and agrees with the increase of Terra transcription found in ATRX-null ESCs that fail to load H3.3 at telomeres ([@B10]). Together, these findings indicate H3.3 provides as an important substrate for H3K9 trimethylation and the importance of H3.3K9me3 in facilitating heterochromatin assembly, as indicated by the reduced levels of ATRX and H4K20me3 at the telomeres, accompanied with an increase in TERRA transcript level.

![H3.3 deficiency results in a compromised heterochromatic state at telomeres in mouse ESCs. (**A**) Western blot analyses using antibodies against histone H3.3 and alpha tubulin. H3.3A and H3.3B protein levels are reduced by 30% and 80% in *H3f3a^−/−^* and *H3f3b^−/−^* mouse ESC clones, respectively. Alpha tubulin was used as loading control for normalization. (**B**) ChIP-qPCR analysis of H3.3, ATRX, H3K9me3 and H4K20me3 at telomeres in wild-type (WT), *H3f3a^−/−^* and *H3f3b^−/−^* ESCs. Chromatin was fixed, sonicated and subjected to ChIP with specific antibodies. Each ChIP was performed with 2 μg of antibody pre-bound to Protein A Sepharose. The ChIP products were eluted, purified and subjected to real-time PCR analyses with relevant DNA primers. Y-axis represents relative enrichment over 'Input' and Mean ± SD of three replicate experiments are shown. (**C**) Sequential ChIP-qPCR analysis of H3.3 enrichment in K9me3 at telomeres. H3K9me3 was first ChIPed, followed by re-ChIP of H3.3 from the eluted chromatin-enriched with H3.3K9me3. The ChIP products were eluted, purified and subjected to real-time PCR analyses with relevant DNA primers. (**D**) Total RNA was purified and subjected to agarose gel electrophoresis and Northern blot analysis using γ-^32^pATP labeled TTAGGG DNA probe. An increase (by three-fold) in TERRA expression level was detected in *H3f3b^−/−^* mouse ESC clones (right panel). The levels of total RNA loaded are shown (left panel).](gkv847fig1){#F1}

H3.3 is targeted for K9 trimethylation {#SEC3-2}
--------------------------------------

Previous mouse knockout studies have demonstrated the importance of SUV39H enzymes as HMTases in maintaining H3K9me3 and chromatin repression at telomeres ([@B32]). To examine the possible involvement of these SUV39H enzymes in mediating H3.3K9 trimethylation, we performed protein immunoprecipitation assays to assess interaction of H3.3 with SUV39H1 and SUV39H2 (Figure [2A](#F2){ref-type="fig"}). In the assays, we have also included SETDB1 that plays a role in promoting H3K9 methylation in various genomic regions ([@B32],[@B35]--[@B39]). H3.3 displays a clear interaction not only with SUV39H1 and SUV39H2, but also with SETDB1 (Figure [2A](#F2){ref-type="fig"}). This indicates that H3.3 protein (that associates with ATRX/DAXX chaperone complex) could potentially be targeted for K9 methylation, and provides as a heterochromatic mark at the telomeres. To investigate this, protein immunoprecipitations were performed with antibodies against H3K9 mono (H3K9me1) and trimethylation (H3K9me3), followed by western blot analyses with antibodies against H3.3 and H3 (Figure [2B](#F2){ref-type="fig"}). In both H3K9me1 and H3K9me3 immunoprecipitates, we detect the presence of H3.3 (Figure [2B](#F2){ref-type="fig"}). As controls, H3.3 is also detected in H3K4me3 immunoprecipitate, and H3 in H3K4me3, H3K9me1 and H3K9me3 immunoprecipitates (Figure [2B](#F2){ref-type="fig"}). We have also performed western blot analyses with an antibody against ATRX and detect the presence of ATRX in H3K9me1 and H3K9me3 immunoprecipitates (Figure [2C](#F2){ref-type="fig"}). These data indicate that H3.3 associated with ATRX complex can be targeted for K9 methylation, specifically K9 mono- and trimethylation.

![H3.3 is targeted for K9me3 in mouse ESCs. (**A**) Protein immunoprecipitations with antibodies against ATRX, DAXX, SETDB1 and SUV39H1/2, followed by western blot analysis with an antibody against H3.3. (**B**) Protein immunoprecipitations with antibodies against H3.3, H3K9me1, H3K9me3 and H3K4me3, followed by western blot analysis with antibodies against H3.3 and H3, respectively. (**C**) Protein immunoprecipitations with antibodies against H3.3, H3K9me1, H3K9me3, ATRX and DAXX, followed by western blot analysis with an antibody against ATRX. (**D** and **E**) Protein immunoprecipitation was performed in both non-nucleosomal and nucleosomal lysates. In (D), antibodies against H3K9me1, H3K9me3 and H3K9ac were used in protein immunoprecipitation, followed by western blot analysis with an antibody against H3.3. In (E), antibodies against ATRX and DAXX were used in protein immunoprecipitation, followed by western blot analysis with antibodies against H3K9me1 and H3K9me3, respectively. (**F** and **G**) ChIP-qPCR analyses of H3K9me3, H3.3 and H3 at the telomeres. The results show reduced levels of H3K9me3 and H3.3 at the telomeres in *Suv39h1/Suv39h2* (F) and *Setdb1* (G) siRNA-depleted ESCs. 'Con' refers to control siRNA. Y-axis represents relative enrichment after normalization against H3 ChIP. (**H**) ChIP/qPCR of H3K9me1, H3K9me3 and H3 at telomeres in *H3f3b^−/−^* ESCs expressing either myc-H3.3 (H3.3) or a myc-H3.3K9A mutant (H3.3K9A). Y-axis represents relative enrichment after normalization against H3 ChIP. Cells transfected with myc-H3.3 show a greater increase in H3K9me3, compared to cells transfected with myc-H3.3K9A mutant. (**I**) ChIP/re-ChIP qPCR of myc/H3.3 and H3.3/H3K9me3 at telomeres in *H3f3b^−/−^* ESCs (NT, non-transfected control) with overexpression of either myc-H3.3 (H3.3) or mutant myc-H3.3K9A (H3.3K9A). (Left) Cells were ChIPed with IgG or anti-Myc antibody, followed by re-ChIPed with an antibody against H3.3. (Right) Cells were ChIPed first with IgG or anti-H3K9me3 antibody, followed by re-ChIPed with an antibody against H3.3. Cells transfected with myc-H3.3 show a greater increase in H3K9me3/H3.3 ChIP/re-ChIP, compared to cells transfected with myc-H3.3K9A mutant.](gkv847fig2){#F2}

Previous studies have suggested a step-wise process for H3K9 trimethylation involving a monomethylation step prior to di- or trimethylation ([@B4],[@B40],[@B41]). K9 monomethylation of H3/H3.3 prior to incorporation into chromatin, may conceivably influence the ability of SETDB1, SUV39H1 and SUV39H2 to promote K9 trimethylation after chromatin loading, including at telomeres ([@B4]). Indeed, a recent study shows that H3K9me1 directed by PRDM3 and PRDM16 mono methyltransferases is further converted to H3K9me3 by the SUV39H1 and SUV39H2 enzymes to facilitate heterochromatin assembly at pericentric DNA ([@B40]). To examine the possibility that H3.3 may be subjected to a stepwise K9 methylation, we performed protein immunoprecipitation with antibodies against H3K9me1 and H3K9me3 in both non-nucleosomal and nucleosomal (chromatin bound) lysates. In line with a stepwise model, we detect K9me1 on both non-nucleosomal (non-chromatin bound) and nucleosomal (chromatin bound) H3.3, while K9me3 is detected predominantly on nucleosomal H3.3 (Figure [2D](#F2){ref-type="fig"}). We also detect H3K9me1 and H3K9me3 in ATRX and DAXX immunoprecipitates- H3K9me1 is found mainly from the non-nucleosomal fraction, while, H3K9me3 from the nucleosomal fraction (Figure [2E](#F2){ref-type="fig"}). These findings indicate that H3.3 may be targeted for K9 monomethylation prior to being subjected to K9 trimethylation. Our results support previous observation ([@B4],[@B40],[@B41]) that non-nucleosomal H3.3 can be pre-modified in a non-nucleosomal form (K9me1) prior to a further modification of K9 by HMTases to form K9me3 at heterochromatic region ([@B4]).

To investigate the importance of H3.3 K9 trimethylation, we performed siRNA-mediated depletion of SETDB1 and SUV39H1/H2 in ESCs (Supplementary Figure S2A and B), given both of these HMTases interact with H3.3, and their roles in directing H3K9 methylation. Reduced levels of K9me3 on H3.3 were detected in SETDB1 and SUVAR39H1/H2 depleted cells (Supplementary Figure S2C). A reduction of K9me1 was also found in SETDB1 depleted cells, in consistent with the role of SETDB1 in promoting H3K9 monomethylation. Next, we performed ChIP/qPCR analysis to determine the level of H3K9 trimethylation at telomeres in SETDB1 and SUVAR39H1/H2 depleted cells (Figure [2F](#F2){ref-type="fig"} and [G](#F2){ref-type="fig"}). The siRNA mediated depletion of *Setdb1* and *Suvar39h1/h2* led to a reduction of H3K9me3 at the telomeres. These findings indicate SETDB1 and SUV39H1/H2 act as HMTases that trimethylate H3.3 to establish the H3.3K9me3 mark at telomeres, consistent with the roles of H3.3 and H3K9me3 in directing heterochromatin assembly at the telomeres ([@B32],[@B36],[@B42]).

H3.3K9me3 deficiency leads to a compromised heterochromatic state and chromatin integrity at telomeres in *H3f3b^−/−^* cells {#SEC3-3}
----------------------------------------------------------------------------------------------------------------------------

We next investigated the importance of H3.3K9 in establishing the H3K9me3 mark at telomeres in a complementation study (Figure [2H](#F2){ref-type="fig"}). First, we expressed myc-tagged H3.3 and H3 in *H3f3b*^−/−^ ESCs, respectively, followed by ChIP-qPCR analysis to determine levels of deposition and H3K9me3 at telomeres (Supplementary Figure S3). Following normalization by the levels of deposition at *Gapdh* gene promoter, myc-H3.3 is deposited at a higher level at the telomeres (compared to myc-H3) and the level of increase in H3K9me3 at telomeres is also higher in myc-H3.3 expressing cells. To further investigate the link of H3.3 deposition to H3K9me3 formation, we expressed a myc-tagged H3.3 or mutant myc-H3.3K9A (bearing a K9→A substitution) in *H3f3b*^−/−^ ESCs followed by ChIP-qPCR analysis to determine levels of H3K9me3 at telomeres. *H3f3b^−/−^* ESCs expressing myc-H3.3 show a greater level of H3K9me3 at telomeres compared to cells expressing the myc-H3.3K9A mutant (Figure [2H](#F2){ref-type="fig"}). Additionally, sequential ChIP reveals a significant increase in co-enrichment of H3.3/H3K9me3 at telomeres in *H3f3b^−/−^*cells expressing myc-H3.3 (Figure [2I](#F2){ref-type="fig"}). This indicates that expression of myc-H3.3 can restore H3K9me3 levels at the telomeres, whereas the myc-H3.3K9A mutant is unable to compensate for the loss of H3K9me3. This highlights the importance of H3.3 as a target for K9 trimethylation for the establishment of the heterochromatic mark at telomeres.

The importance of H3K9me3 for chromatin repression at telomeres ([@B32]) suggests that deficiency of H3.3 or H3.3K9me3 may affect telomere heterochromatin maintenance and thus, potentially increasing cell sensitivity to activities that induce chromatin disruption at the telomeres. However, we find that in *H3f3a^−/−^* and *H3f3b^−/−^* ESCs, neither telomeric DNA damage (assessed by positive staining of γ-H2AX at telomeres known as the telomere dysfunctional foci (TIF)) (Figure [3A](#F3){ref-type="fig"} and [C](#F3){ref-type="fig"}) nor sister chromatid exchange (t-SCE; determined by CO-FISH) (Figure [3B](#F3){ref-type="fig"}; examples of t-SCE are shown in Supplementary Figure S4A and B) are increased under normal ESC growth conditions when compared to those in WT cells. This suggests that a reduced H3.3 or H3.3K9me3 level does not significantly affect telomere stability and cell function in a normal unperturbed condition. It agrees with the observation that ATRX null mouse ESCs that fail to deposit H3.3 at telomeres also do not show significant changes in TIF, t-SCE and cell function under an unperturbed condition ([@B43]). Nevertheless, it has been noted that ATRX null cells show an increased sensitivity toward DNA replication stress, and this has been demonstrated using DNA replication inhibitors and a G-quadruplex (G4) binding ligand ([@B26],[@B27],[@B44]). The function of ATRX in H3.3 deposition has been proposed to be essential for re-chromatinization upon recovery from replication stress and thus, chromatin disruption caused by these drugs at telomeres ([@B26]). To examine if a lack of H3.3 affects telomere function in a similar manner to those in ATRX-null cells, we proceed to induce replication stress and chromatin disruption in H3.3-deficient cells. To avoid the high-levels of DNA damage induced by global replication inhibitors such as aphidicolin (APH), or drastic changes in H3.3 levels and histone post-translational modifications (Supplementary Figure S5A--C), we have treated cells with a low concentration of TMPYP4 ([@B45]). TMPYP4 is a ligand that binds and stabilizes a G4 DNA secondary structure that form at telomeres ([@B46]). When a G4 structure forms in the telomeric DNA template and is not resolved, it will impede the progression of the replication fork thus, inducing replication stress and chromatin disruption ([@B46]). In our assays, we choose to use TMPYP4 to induce replication stress because it is more specific to the telomeres than a global replication inhibitor such as aphidicholin. Compared to WT ESCs, TMPYP4 treatment of *H3f3b^−/−^* ESCs leads to an increase in telomeric DNA damage or TIF formation on both interphase and metaphase chromosomes (Figure [3A](#F3){ref-type="fig"} and [C](#F3){ref-type="fig"}). TMPYP4 treatment of *H3f3b^−/−^* ESCs also induces an increase in t-SCE activity indicating telomere instability, nevertheless, at a low level (Figure [3B](#F3){ref-type="fig"} and Supplementary Figure S4A and B). Overexpression of myc-H3.3, but not the myc*-*H3.3K9A mutant, reduces t-SCE levels in these cells, indicating that a restoration of H3.3 supply and H3.3K9me3 represses t-SCE. C-circles are a specific marker of ALT activity ([@B47]), and we also quantitated C-circle formation in these cells (Supplementary Figure S6A). Compared to human ALT cancer cells, we detect only a modest increase of C-circle formation in *H3f3b^−/−^* cells after 6 days of treatment with TMPYP4 (Supplementary Figure S6A). This also agrees with the absence of the formation of ALT-associated PML bodies (APBs), indicating a lack of ALT induction in *H3f3b^−/−^* ESCs treated with TMPYP4 (Supplementary Figure S6B). It remains unknown if a prolonged period of TMPYP4 may induce a further increase in C-circles or APB formation, however, this could not be tested in *H3f3b^−/−^* ESCs as the 6 day TMPYP4 treatment promotes cellular differentiation in these cells. Together, our data show that cells deficient of H3.3 suffer greater levels of telomeric DNA damage and chromatin instability when telomeres are compromised by treatment with G4 ligands, and that we detect a phenotypic recovery with overexpression of H3.3 WT but not the H3.3K9 mutant proteins. These findings demonstrate the involvement of H3.3/H3.3K9 in the maintenance of telomeric chromatin integrity, in particular, during when telomere chromatin assembly is disturbed ([@B11],[@B12],[@B32]).

![H3.3K9 is required for heterochromatin formation and chromatin integrity at telomeres in mouse ESCs. (**A**--**C**) WT and *H3f3b^−/−^* ESCs were subjected to with ('G4') or without ('Con') a 6-day treatment with 2 μM TMPYP4. Immunofluorescence (A and C) and CO-FISH (B; refer to Supplementary Figure S5 for examples) analyses were performed to detect TIF (telomeric foci with positive of γ-H2Ax staining) (A and C) and t-SCE (B). (A) *H3f3b^−/−^* ESCs show a greater increase cell population with ≥5 TIF per cell, compared to WT cells subjected to 6-day treatment with 2 μM TMPYP4 (examples of an increase in TIF formation are shown in (C)). Mean ± SD of three replicate experiments are shown. (B) *H3f3b^−/−^* cells show a greater increase in t-SCE, when compared to WT cells. And, an overexpression of WT myc-H3.3 ('rescue') in *H3f3b−/−* cells results in reduced t-SCE levels compared to overexpression of myc-H3.3K9 mutant. Y-axis represents an average number of t-SCE events per metaphase spread in a total of 35 cells examined. (**D**) ChIP analyses were performed using antibodies against ATRX, H3.3, H3K9me3 and H4K20me3, followed by qPCR analyses. Increased levels of ATRX, H3.3, H3K9me3 and H4K20me3 are found at telomeres in WT, *H3f3a^−/−^* and *H3f3b^−/−^* ESCs following 6 h TMPYP4 treatment (G4). Lower increases are detected in *H3f3a^−/−^* and *H3f3b^−/−^* cells. Y-axis represents relative enrichment to Input DNA.](gkv847fig3){#F3}

Given H3.3 loading can occur anytime during the cell cycle, it may support heterochromatin assembly at telomeric DNA following recovery from TMPYP4-induced replication stress and chromatin disruption. As such, it is possible that TMPYP4 treatment may induce ATRX-dependent H3.3 loading at telomere upon recovery in order to re-chromatinize the telomeres and to assemble a repressed chromatin state. In *H3f3b^−/−^* cells, a lack of H3.3 may result in a loss of H3.3K9me3 and chromatin repression, and this agrees with previous studies that show the importance of K9me3 binding of ATRX ([@B48]) and its interacting partner such as HP1 This loss in chromatin repression may ultimately lead to increases in DNA damage and t-SCE at telomeres (see Figure [3A](#F3){ref-type="fig"}--[C](#F3){ref-type="fig"}). Consistent with these hypotheses, we detect increased levels of ATRX and H3.3 at telomeres in WT ESCs after treatment with a low level of TMPYP4, as indicated by ChIP/qPCR analyses (Figure [3D](#F3){ref-type="fig"}). These increases in the levels of ATRX and H3.3 binding at the telomeres in TMPYP4 treated cells are accompanied by up-regulated levels of heterochromatic marks including H3K9me3 and H4K20me3. Similar increases are detected in *H3f3b^−/−^* cells, however, at much lower levels compared to those in WT cells. The enhanced ATRX binding and H3.3 loading may be required for nucleosome re-assembly and heterochromatin formation at telomeres as cells recover from TMPYP4-induced chromatin disruption. In *H3f3b^−/−^* cells, the limited increase in ATRX, H3K9me3 and H4K20me3 suggests that H3.3 deficiency may impact ATRX binding and thus, heterochromatin assembly at telomeres.

To further investigate the importance of H3.3 in telomeric heterochromatin assembly, we next examine the impact of H3.3 deficiency in cells experiencing replication stress and chromatin disruption induced as a result of siRNA depletion of *Asf1a* and *Asf1b* ([@B49]) (Supplementary Figures S7 and S8). ASF1 (ASF1 a and ASF1b) are histone chaperones that play an essential role in nucleosome assembly and histone recycling during replication and loss of ASF can uncouple chromatin assembly from DNA replication ([@B50]). It has been shown that loss of ASF1 in cells can induce DNA damage at telomeres and ALT ([@B49]). Consistent with the role of ASF1 in DNA replication and nucleosome assembly, we have detected γ-H2AX on chromosome arms, and high levels of telomeric DNA damage or TIF formation following siRNA depletion of *Asf1a/1b* in both WT and *H3f3b^−/−^* ESCs (Figure [4A](#F4){ref-type="fig"} and [B](#F4){ref-type="fig"}; examples of TIFs in interphase cells are shown in Supplementary Figure S8A and B). However, compared to WT ESCs, H3.3 deficient *H3f3b^−/−^* ESCs show a greater increase in the proportion of cells with ≥5 positive γ-TIF foci per cell following *Asf1a/1b* siRNA depletion (Figure [4A](#F4){ref-type="fig"} and [B](#F4){ref-type="fig"}). The presence of TIF is prominent in both interphase and metaphase nucleic (Figure [4A](#F4){ref-type="fig"} and [B](#F4){ref-type="fig"} and Supplementary Figure S8A and B). These *H3f3b^−/−^* cells also show a slight increase in t-SCE level following *Asf1a/1b* siRNA depletion (Figure [4B](#F4){ref-type="fig"}). These findings indicate that *H3f3b^−/−^* ESCs also show an increased sensitivity to replication stress and chromatin disruption induced by loss of ASF1, as seen in cells subjected to treatment with TMPYP4.

![H3.3 deficient ESCs are sensitive to the induction of nucleosome disruption. Immunofluorescence analysis was performed to detect the presence of TIF (indicated by positive γ-H2Ax staining at telomeres) following 96 h siRNA-depletion of either *Asf1a/b* alone or a combined *Atrx* and *Asf1a/b* in both WT and *H3f3b^−/−^* ESCs. (**A**) WT ESCs subjected to a combined *Atrx* and *Asf1a/b* siRNA depletion (for 96 h) show a much greater increase in cell population with ≥5 TIF per cell, compared to ESCs subjected to a single *Asf1a/b* siRNA depletion (for 96 h). In the *H3f3b^−/−^* background, cells subjected to a single *Asf1a/b* siRNA depletion show a comparable increase in the level of cell population with ≥5 TIF per cell when compared to cells subjected to a combined *Atrx* and *Asf1a/b* siRNA depletion. These levels of increase in TIF in *H3f3b^−/−^* cells are also similar to those detected in WT ESCs subjected to a combined *Atrx* and *Asf1a/b* siRNA depletion. Examples of TIF on metaphase chromosomes are shown in (**B**). In parallel, CO-FISH was performed to assess t-SCE activity (A). In WT background, a combined siRNA depletion of *Atrx* and *Asf1a/b* results in a further increase in t-SCE compared to a single *Asf1a/b* siRNA depletion alone. In the *H3f3b^−/−^* background, cells subjected to a single *Asf1a/b* siRNA depletion show a comparable increase in t-SCE when compared to cells subjected to a combined *Atrx* and *Asf1a/b* siRNA depletion. The levels of increase in t-SCE in *H3f3b^−/−^* cells subjected to a single *Asf1a/b* siRNA depletion are also similar to that detected in WT ESCs subjected to a combined *Atrx* and *Asf1a/b* siRNA depletion.](gkv847fig4){#F4}

Considering the role of ATRX in loading H3.3 at telomeres, we also investigate if cells depleted of ATRX expression are sensitive to replication stress and chromatin disruption induced by a siRNA depletion of *Asf1a* and *Asf1b*. Indeed, a combined *Atrx* and *Asf1a/b* siRNA depletion results in greater levels of TIF and t-SCE compared to those induced by *Asf1* siRNA depletion alone in WT ESCs (Figure [4A](#F4){ref-type="fig"} and [B](#F4){ref-type="fig"}). However, in *H3f3b^−/−^* ESCs, the levels of increase in TIF and t-SCE induced by a combined *Atrx* and *Asf1a/b* siRNA depletion are comparable to those induced by a single *Asf1a/1b* siRNA-depletion. These increases in TIF and t-SCE in *H3f3b^−/−^* ESCs are also similar to those detected in WT ESCs subjected to a combined *Atrx* and *Asf1a/b* siRNA depletion. These data agree with the finding that ATRX and H3.3 act in the same pathway in maintaining telomeric chromatin assembly. It is, however, interesting to note that the t-SCE levels remain relatively low despite the significant increases in γ-H2AX levels at the telomeres in *Asf1* and *Atrx* and *Asf1a/1b* siRNA depleted cells, respectively (Figure [4A](#F4){ref-type="fig"} and [B](#F4){ref-type="fig"}). This suggests that additional mechanisms may operate to suppress t-SCE activity even if telomeres suffer a high level of DNA damage in ESCs. A much longer period of *Asf1a/1b* siRNA depletion may be required for further upregulation of t-SCE in *H3f3b^−/−^* cells, however, this is not possible to test as *H3f3b^−/−^* ESC cells undergo cellular differentiation 96 h after ASF1 depletion (data not shown). Together, our data indicate that H3.3 deficiency (or loss of ATRX mediated H3.3 loading) renders cells more sensitive to replication stress and chromatin disruption induced by ASF1 depletion, in a like manner to those induced by TMPYP4 treatment.

DISCUSSION {#SEC4}
==========

While the role of K4 trimethylation of H3.3 in maintaining transcriptional memory at active chromatin is well described ([@B1],[@B2]), little was known regarding how H3.3 facilitates the assembly of a heterochromatic state. Using H3.3-deficient ESCs, complementation studies and mutational analyses, we now demonstrate that H3.3 availability is essential for maintenance of a heterochromatic state through H3.3K9 trimethylation and ATRX recruitment to telomeres, and thereby for proper telomere function. Our results are consistent with studies showing the importance of H3K9me3 as a docking site for ATRX ([@B48],[@B51]) and their roles in maintaining transcription repression at telomeres.

It has been well documented that SETDB1, SUV39H1 and SUV39H2 are important HTMases that promote H3K9 methylation ([@B32],[@B42]). Here, we show that H3.3 interacts with SETDB1, SUV39H1 and SUV39H2, and that siRNA depletion of *Setdb1* and *Suvar39h1/h2* result in a reduced level of K9me3 on H3.3 and also a decrease in H3K9me3 level at the telomeres. These data agree with the previous findings that gene knockouts of *Suvar39h1* and *Suvar39h2* affect H3K9 trimethylation and chromatin repression at the telomeres. The role of SETDB1 at the telomere is less well defined, however, it has been reported to form complex with RIF1 to promote heterochromatin assembly at the telomeric regions ([@B42]). Furthermore, SETDB1 has been shown to form a multimeric complex with SUVAR39H1/2 in heterochromatin maintenance ([@B36]). As future work, it will be interesting to determine if SETDB1 forms a multimeric complex with SUVAR39H1/H2 to direct heterochromatin assembly at telomeres. We also show that H3.3 can be pre-modified by K9me1 prior to further K9me3 by HTMases upon loading to, or after deposition into, chromatin. These findings agree with a previous observation that a minor proportion of H3.3 is monomethylated on K9, although it is predominantly di-methylated on this residue ([@B4]). Further investigation is required to determine whether pre-modification of H3.3 before chromatin deposition provides specificity for HMases ([@B4],[@B39]) as part of a stepwise mechanism to regulate sequential K9 trimethylation of H3.3. Such a mechanism would conceivably be coupled to ATRX-mediated deposition of H3.3 and the maintenance of a heterochromatic state at telomeres and possibly at other genomic sites. Indeed, two recent reports have shown that ATRX-mediated H3.3 deposition is important for promoting H3K9me3 formation, heterochromatin propagation and transcription silencing at retrotransposons including endogenous retroviral sequences (ERVs) and imprinted genes ([@B52],[@B53]). However, in another recent study, it is proposed that ATRX mediates heterochromatic silencing at intracisternal A particle retrotransposable sequences in a manner independent of H3.3 deposition ([@B54]). Despite the disparities, these studies show consistent involvement of SETDB1 and TRIM28/KAP1 (KRAB-associated protein-1) in ATRX-mediated promotion of H3K9me3 formation and heterochromatic silencing at the retrotransposons ([@B52],[@B54]). SETDB1 and TRIM28 have also been implicated in heterochromatin maintenance at imprinted genes in previous studies ([@B55],[@B56]). A recent study has also identified the role of SUVAR39H1/2 in maintaining H3K9me3 marks and transcription silencing at intact ERVs and long interspersed nuclear elements (LINEs) ([@B57]). Taken together these findings, the functions of ATRX and H3.3 in directing H3K9me3 formation and heterochromatin assembly may involve the formation of a multimeric complex comprising of SETDB1, SUVAR39H1/2, TRIM28 and possibly others. Further investigations are needed to fully elucidate how ATRX/H3.3 may function as a complex to direct heterochromatin assembly and maintenance at the telomeres, imprinted genes and these retrotransposable repeats, in particular, how ATRX interacts with SETDB1 and SUVAR39H1/2 to mediate a stepwise K9 methylation on H3.3.

Here, we have also provided evidence for the importance of ATRX and H3.3 in response to replication stress at the telomeres. We show that increase of replication stress and chromatin disruption by treatment with TMPYP4 leads to an enhanced recruitment of ATRX and H3.3 and increases in H3K9me3 and H4K20me3 levels at telomeres. These data agree with a model where ATRX and H3.3 may be recruited as a response to nucleosome disruption in order to re-chromatinize telomeric DNA and assemble heterochromatin (Figure [5](#F5){ref-type="fig"}). It is likely that this ability to maintain heterochromatin and telomeric chromatin integrity is compromised in H3.3-deficient cells. Indeed, this is reflected in the increased sensitivity of *H3f3b^−/−^* cells and those depleted ATRX to replication stress and chromatin disruption induced by TMPYP4 or ASF1 depletion; these H3.3 deficient cells and cells defective in H3.3 deposition (due to a loss of ATRX function) suffer a greater incidence of telomeric DNA damage and t-SCE. Importantly, expression of WT H3.3 (but not the H3.3K9A mutant) partially restores H3K9me3 heterochromatin mark and reduces t-SCE in *H3f3b^−/−^* cells. These findings support our argument that H3.3 provides for the heterochromatic H3K9me3 mark and agree with the postulation that H3.3 acts as a 'replacement histone' at disrupted nucleosomal sites such as actively transcribed regions or damaged sites ([@B28],[@B58],[@B59]).

![A model depicting H3.3 loading by ATRX to establish heterochromatin at telomeres. At nucleosomal disrupted sites such as those that form as a consequence of replication stall, transcription and nucleosomal dysfunction at telomeric repeats, ATRX loads H3.3 to facilitate re-chromatinization of DNA. H3.3 can be mono-methylated prior to its loading and K9 trimethylation at telomeres. This H3.3K9me mark is essential for chromatin repression at telomeres. In the absence of ATRX and H3.3, there will be prolonged nucleosomal disruption at these sites within the telomeric repeats. This may consequently lead to chromatin de-repression and damage at telomeres.](gkv847fig5){#F5}

One important question remaining and to be further investigated is whether telomeres suffer significant chromatin disruption during normal cell cycle progression. This is possible given that G-rich telomeric repeats tend to form G4 structures ([@B45]) and G4-enriched sites are commonly predicted to be depleted or disrupted in nucleosome assembly ([@B60],[@B61]). Indeed, telomeric repeats inherently disfavor nucleosome assembly ([@B62]). Moreover, transcription that occurs at these repeats can also cause chromatin disruption ([@B33],[@B34]). These disrupted sites at telomeric repeats may be the driving factor that promotes H3.3 deposition by ATRX (Figure [5](#F5){ref-type="fig"}). H3.3 nucleosomes then provide targets for H3K9 trimethylation to allow heterochromatin assembly and to establish transcription silencing. In the event of a deficiency in H3.3 or ATRX, cells may experience improper chromatin assembly, a reduced level of H3.3K9me3 and loss of chromatin repression, indicated by the increases in Terra transcription. This may eventually induce DNA damage and repair by t-SCE. Finally, in line with these arguments, we propose that adequate and non-limiting levels of H3.3 and H3.3K9me3 are essential for the establishment of heterochromatin at telomeres. We also postulate that H3.3K9me3 may serve as a crucial chromatin mark for heterochromatin formation at other genomic sites.
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